ABSTRACT
INTRODUCTION

30
Crusty breads are much appreciated due to their crispy texture. Crust is the upper part of 31 the breads formed during baking. Crust is constituted by a network comprising 32 denatured gluten proteins and partially gelatinized starch granules. Different concepts 33 have been applied to define the crust, e.g. dry, hard, dark and dense (Hug-Iten, Escher, 34 & Conde-Petit, 2003) . In fresh state, bread crust is dry and crispy and exhibits a brittle 35 noisy fracture, but those properties are transitory and change during staling (Gray & 36 Bemiller, 2003) , owing to the steady increase in water content and water activity (Cuq, 37 Abecassis, & Guilbert, 2003) . Water acts as a plasticizer and decrease the bread Tg of 38 the material. As a consequence, the mechanical properties of the crust associated to 39 crispness changes and the crust becomes very soft and leathery (Roudaut, Dacremont, & 40 Le Meste, 1998), which cause consumer's rejection. Therefore, bread crust must have 
Methods
84
Crust layer forming solution
85
Crust layer forming solutions were prepared using pre-gelatinized wheat flour blended 86 with additives at different concentrations (Table 1 ) and in the presence of calcium 87 propionate (0.1%, w/w) as preservative. All raw materials were mixed mechanically 88 with water during 60 seconds and then were degassed. For beeswax based crust layer, 89 the additive was suspended in 10 ml distilled water and boiled to mix it completely.
90
Crust layers were cast onto plastic trays (25.5cm x 16cm x1.5cm). In each case 134.20 g 91 mixture was poured into each tray to minimize crust layer thickness variations.
92
Preliminary tests were carried out to define the appropriate mixture amount for 93 obtaining model crust of similar thickness to bread crust (~ 0.5 mm). Mixtures were 94 allowed to dry at 37 ºC for 12 h, after this time, drying continued at 20 ºC for 39 h.
95
Dried crust layers were stored in a desiccator containing saturated magnesium nitrate 96 with 54.4% (RH) at 20 ºC for further analysis. Conditions were selected to avoid 97 microbial growing. Control crust layers were prepared in the same way without the 98 presence of additives. Each crust layer formulation was prepared in duplicate. 
Physicochemical analysis
The experimental values were fitted by the GAB (Guggenheim-Anderson-deBöer) Teller) theory, C is the Guggenheim constant, k refers to the factor correcting properties 126 of the multilayer molecules corresponding to the bulk liquid, and a w = water activity.
127
The root mean square (RMS, %) of the fitting is also included for each crust layer. Structural analysis was performed by scanning electron microscopy (SEM) on samples.
138
Crust layers were freeze-dried previously to the microscopy analysis. Crust layers were
139
fixed with the aid of colloidal silver and then coated with gold (Baltec SCD005) at 10 -2
140
Pa and an ionization current of 40 mA. casting, as glycerol addition led to a more compacted network without pores or cracks.
192
Hirte et al. (2012) suggested that bread crust with many small cracks had optimal water 193 vapor permeability; however, an excess of cracks could lead to crumb dryness.
194
Crust layers with HPMC presented the same WVP tendency as glycerol. Crust layer
195
with high concentration of HPMC (10%) had higher water affinity due to the large 196 amount of hydrophilic groups present in HPMC structure, and also it can disrupt starch-
197
protein interactions forming a loose matrix, which favors water vapor permeability.
198
When HPMC was added at low concentration (0.5%), it probably acted as a crosslinker 
221
Citric acid resulted in a decrease in the WVP value, which could be attributed to its 222 crosslinking action, reducing the polymers mobility and increasing their cohesion.
223
According to Moller, Grelier, Pardon and Coma (2004) the addition of a crosslinking 224 agent as citric acid improves the barrier against water vapor.
225
As expected, crust layer with lipids (linolenic acid and beeswax) showed lower WVP, 226 due to their hydrophobic properties (García, Martino & Zaritzky, 2000) . Therefore, non-227 polar groups yielded a dense structure that slow water migration through the crust layer.
228
Previous studies stated that waxes are the most efficient substances to reduce moisture 229 permeability because of their high hydrophobicity (high content in long chain fatty 230 alcohols and alkanes) (Morillon et al., 2002) .
231
In general, the presence of additives modified the starch-protein matrix structure and structural and monolayer water, which is unfreezable and not available as a plasticizer.
245
In this region, the crust layers presented a moderately slight slope at low water activity, 
251
The second region comprised a linear region of the sorption isotherm, where water 252 molecules bind less firmly than in the first region and they are adsorbed as a multilayer.
253
In this region there is a transition between bound water to free water. among the polymer chains were inhibited by the HPMC and the crust layer had a stiff 353 structure, which required low force to fracture.
354
Fracturability is an important characteristic of brittle products. In general, the 355 fracturability of crust layers decreased with addition of the additives (Table 5) proteins; and thus crust layer presented less resistance to break in spite of its capacity 378 for water diffusion.
379
Crust layer with protease was characterized by compact structure, with higher 380 deformation of starch granules and a more distorted gluten network (Figure 2c ), which 381 agrees with the protease action splitting the protein strands of the gluten molecule that 382 leads first to a softening and then to a complete collapse of the structure. The crust layer 383 with HPMC 0.5% led to a smooth, compact and cracked structure (Figure 2d ). 
409
In the case of samples with lipids, crust layers presented a smooth and nonporous 410 structure, and no phase separation was observed (Figure 2k and 2l 
